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Relationship of kidney function to immunopathology in chronic serum
sickness of rats. This study sought to clarify the relationship between
kidney function and immunopathology in chronic serum sickness (CSS)
of rats. CSS was induced by chronic intravenous immunization with
bovine serum albumin. Whole kidney function was studied during the
course of CSS by assays of serum and urine. Single nephron function
was evaluated by micropuncture techniques. Three categories (mild,
moderate, severe) of kidney disease were identified from the analysis of
kidney function in rats with CSS. Those categories represented distinct
stages in the natural history of CSS nephritis. The three stages
identified by measurements of function corresponded to distinct catego-
ries of kidney immunopathology. In rats with mild CSS, immune
deposits were limited to the mesangium; histopathology was slight or
absent. The only detectable change in protein handling was a small
elevation of albumin concentration in tubule fluid. Abnormal protein-
una was a feature of moderate CSS; whole kidney glomerular filtration
was not decreased despite evidence of significant immunopathology of
glomeruli. Compromise of whole kidney function including decreased
sodium excretion was only detected in the severe stage of CSS in
association with diffuse proliferative glomerulonephritis. The transi-
tions from mild to moderate and moderate to severe CSS were not
gradual but occurred as discrete, sudden events.
Relations entre Ia fonction rénale et i'immunopathologie au cours de Ia
maladie serlque chronique chez des rats. Cette étude est destinée a
clarifier la relation entre la fonction renale et l'immunopathologie au
cours de la maladie serique chronique (CSS) chez des rats. CSS était
induite par immunisation chronique intra-veineuse avec de Ia serum
albumine bovine. La fonction rénale globale Ctait étudiée pendant Ia
CSS par des dosages sériques et urinaires. La fonction rénale indivi-
duelle Ctait évaluCe par des techniques de microponction. Trois catego-
ries (benigne, modérée, sévCre) de maladies rénales ont été identifiées a
partir de l'analyse de Ia fonction rCnale chez les rats atteints de CSS.
Ces categories représentaient des stades distincts de l'histoire naturelle de
Ia ndphrite de CSS. Les trois stades identifies par les mesures des
fonctions correspondaient a des categories distinctes d'immunopatholo-
gie rénale. Chez les rats atteints de CSS benigne, les dCpôts immuns
étaient limités au mesangium; l'histopathologie était minime ou absen-
te. La seule modification detectable de Ia conservation des protéines
était une ClCvation modCré de Ia concentration d'albumine dans Ic fluide
tubulaire. Une protéinurie anormale était une caractéristique de la CSS
modérée; Ia filtration glomérulaire globale n'était pas diminuée malgré
l'existence d'une immunopathologie significative des glomérules. Une
alteration de Ia fonction rénale globale comprenant une diminution de
l'excrCtion sodée Ctait dCtectée seulement au stade sévCre de CSS, en
association avec une glomerulonephrite proliferative diffuse. Les pas-
sages de Ia forme bénigne a la forme modérée, et de Ia forme modérée a
Ia forme sévère de CSS n'étaient pas progressifs, mais survennaient de
facon tranchCe, brutale.
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In rabbits with chronic serum sickness (CSS) nephritis the
relationship of immune complex formation to kidney pathology
has been extensively studied [1]. However, in the rabbit there
has never been a systematic examination of the alteration of
function that may accompany immune complex-mediated dam-
age to the kidney. One of the reasons is that rabbits are
unsuitable for the techniques of micropuncture that permit
assessment of single nephron function.
We have developed an immunization scheme that produces
CSS nephritis in rats resembling the disease seen in rabbits [21.
In that model rats are immunized subcutaneously with bovine
serum albumin (BSA) until high titers of precipitating antibodies
to BSA appear in circulation. Increasing amounts of BSA are
introduced intravenously and intraperitoneally over a period of
several days until a daily intravenous dose of 2 mg BSA can be
administered without risking death from anaphylaxis. On that
regimen, mesangial deposits of immunoglobulin, BSA, and
complement are detectable in glomeruli of all animals within a
few weeks. With continued intravenous administration of BSA,
a gradual accumulation of immune deposits along the glomeru-
lar capillary wall is observed. A mild increase in mesangial
matrix with slight proliferation of mesangial cells, seen in the
early weeks of CSS, always progresses to diffuse proliferative
glomerulonephritis with marked thickening of the glomerular
capillary wall and segmental fibrinoid necrosis [2, 3]. The
development of CSS nephritis is associated with a fall in serum
titers of circulating precipitating antibodies to BSA until, in an
advanced stage of kidney disease, antibodies are no longer
detectable [2, 31.
In the experiments reported here, kidney function, estimated
by assays of serum, urine, and proximal tubule fluid, was
evaluated in LEW rats with immune complex-mediated glomer-
ulonephritis at different times after the start of chronic immuni-
zation with BSA. From our results, it is clear that significant
impairment of whole kidney function is associated only with the
most severe proliferative form of injury to glomeruli.
Methods
Animals. Female LEW rats weighing approximately 125 g,
purchased from Charles River Breeding Laboratories (Wilming-
ton, Massachusetts), were used in this study.
Immunizations. To induce CSS, rats were given three subcu-
taneous injections of 3.0 mg BSA in incomplete Freund's
adjuvant (IFA) at 2-week intervals. Daily intravenous injections
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of 2.0 mg BSA in 0.4 ml isotonic saline were introduced
gradually by a scheme described in detail elsewhere [2].
Three groups of rats served as controls: (1) age-matched,
untreated normal rats, (2) rats given three subcutaneous injec-
tions of BSA in IFA followed by daily intravenous injections of
0.4 ml isotonic saline, and (3) rats given subcutaneous injections
of IFA alone followed by daily intravenous injections of BSA.
Measurement of circulating antibody to BSA. Blood samples
for measurement of antibodies to BSA were collected in hemat-
ocrit tubes by tail vein puncture. Samples to be tested were
obtained 24 hr after the last daily injection of BSA. Precipitating
antibodies to BSA were detected by Ouchterlony immunodiffu-
sion tests, as previously described [2]. Antibody titers were
expressed as log2 values of the highest dilution that was
positive.
Kidney function
Kidney function was studied in rats (N = 25) immunized to
produce CSS at different times, ranging from 4 to 18 weeks,
after the start of intravenous injections of BSA. Identical
studies were performed in rats (N = 21) in control groups. Two
days before micropuncture experiments, urine was collected
from animals kept in metabolism cages for 16 hr with free
access to water but deprived of food. Blood samples were
obtained from the tail vein at the end of the collection period,
Protein and glucose excretion, and creatinine clearance were
determined from these samples.
Urine and plasma samples were collected weekly for II
weeks after the start of intravenous injections of BSA from
another group of rats (N = 6). Plasma protein concentration,
total protein and sodium excretion were measured.
Micropuncture studies. Animals were anesthetized by intra-
peritoneal injection of mactin (Promonta) (10 mgIlOO g body
weight) and prepared for micropuncture by conventional tech-
niques [4]. An intravenous infusion of isotonic saline solution
was administered (0.02 mllmin x 100 g body weight). The
infusion contained 4 g/dl of synthetic inulin (polyfructosan,
Laevosan) and 0.2 g!dl of para-aminohippuric acid (PAH) for
the measurement of single and total glomerular filtration rate
(snGFR and GFR) and effective renal plasma flow (CPAH).
respectively. Urine was collected by a bladder catheter (PE 60
tubing) that led into a weighed test tube. Tail blood samples
were taken at the beginning and end of each urine collection
period. The initial blood sample was used for determination of
urea, cholesterol, total protein, and albumin concentrations.
Two types of micropuncture experiments were performed:
(1) Determinations of snGFR. Samples of tubule fluid were
collected quantitatively from random sites in proximal tubules
after injection of a castor oil block. Collection time was 3 to 7
mm under conditions of slight negative pressure. Sample vol-
ume was immediately determined by its measured length in a
constant bore capillary tube, and snGFR was calculated as
collected volume per minute times the tubule fluid to plasma
inulin ratio, (TFIP)1. Four to six determinations of snGFR were
made during each of two measurements of GFR per
experiment.
(2) Determination of tubule fluid protein concentration. Free
flow samples (30 to 60 nl) were collected from random sites in
proximal tubules. Tubule fluid was also analyzed for inulin
when sample size permitted. Collection time ranged from 5 to
10 mm.
Analytical methods. Analysis ol protein in proximal tubule
fluid was by a modification [5] of Oken's technique for capil-
lary-contained polyacrylamide gel electrophoresis [6]. Details
of this method have been described elsewhere [5]; the sensitiv-
ity is sufficient to detect picogram quantities of albumin in
nanoliter samples of tubule fluid. Tubule fluid samples were
transferred directly from the collection pipet to an analytical
capillary tube within 30 mm of collection. Sample volume was
determined by measuring the length of the column with an
eyepiece micrometer. Standard reference curves were prepared
using appropriately diluted normal rat serum.
A micro-continuous gradient gel electrophoresis procedure
was used for separation and quantitation of proteins in plasma
(diluted 1:51) and unconcentrated urine [7, 8]. After electropho-
resis the gels were extruded into acetic acid, fixed, stained with
Fast Green, destained, and scanned directly in an ultramicro-
densitometer (Joyce-Loebl) with integrator unit.
Total protein concentration in urine was determined by the
method of Lowry et al [9] after trichloroacetic acid precipita-
tion. Total serum protein concentration was determined by the
biuret method [10] and albumin concentration by electrophore-
sis analysis (see above). Systemic colloid osmotic pressure
(COP) was calculated from the Pappenheimer-Renkin equations
[11] using values for albumin and high molecular weight protein
(HMW) as determined by electrophoresis analysis.
Urine and plasma inulin concentrations were measured by
the anthrone method of FUhr, Kaczmarczyk, and Kruttgen [12];
tubule fluid inulin concentration was measured by a micromodi-
fication of the same method [13]. Color development in the
microsamples was read in a spectrophotometer adapted for a 3
d cuvette. PAH concentrations in urine and plasma were
analyzed according to the method of Smith et al [14].
Plasma urea and cholesterol concentrations were analyzed by
commercial test kits (Boehringer-Mannheim Diagnostics). Cre-
atinine concentration in urine and plasma was analyzed after
adsorption and elution from Lloyds' reagent [15]. Glucose
concentration in urine and plasma was measured by the hexoki-
nase method [16] with the use of commercial reagents (Boeh-
ringer-Mannheim). Sodium concentration in urine was mea-
sured by flame photometry (Klina Flame; Beckman Instru-
ments, Inc.). Values are given as the means SE. Student's
test was used for statistical analysis.
immunopathology
Rats were killed at the conclusion of micropuncture experi-
ments. Kidney tissue samples obtained at the time of death
were processed for evaluation by immunofluorescence and light
microscopy.
Immunofluorescence tests. Direct immunofluorescence tests
were performed on frozen sections of rat kidney to determine
the sites of deposition of immune reactants. Details of the
procedures used for immunofluorescence tests in our labora-
tory have been published elsewhere [17, 18]. FITC-conjugated
antisera to BSA, rat immunoglobulins, and rat complement
were purchased from Cappel Laboratories, Cochranville,
Pennsylvania.
Histology. Kidney tissue samples were fixed by immersion in
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Table 1. Kidney function in LEW rats with chronic serum sickness
Group
V
p.1/mm
x g KW (UIP)1,,
C1,,
mi/mm
X g KW
snGFR"
ni/mm
X g KW
CPAH
mi/mm
X g KW
C.
mi/mm
x 100 gBW
Filtration
fraction
Control 3.0 0.3
(20)
196
(20)
17 0.54 0.05
(20)
15.1 1.2
(45)
1.76 0.22
(17)
0.61 0.07
(8)
0.31
CSS
Mild 3.1 0.6
(9)
232
(8)
54 0.68 0.16
(8)
16.4 1.6
(33)
1.96 0.37
(5)
0.51 0.04
(8)
0.35
Moderate 4.2 1.3
(9)
174
(9)
36 0.54 0.10
(9)
10.3 l.0
(34)
1.64 0.36
(7)
0.57 0.06
(4)
0.33
Severe 1.6 0.2c
(7)
44
(4)
ll 0.07 0.02c
(4)
4.7 0.7c
(25)
0.45 0.08c
(4)
0.25 0.02w
(3)
0.16
Abbreviations: V, urine flow rate; U, urine concentration; P, plasma concentration; C, clearance.
a Data are expressed as means SE. Numbers of animals or tubule fluid samples (snGFR) used to determine each mean value are indicated in pa-
rentheses. Filtration fraction was calculated from the mean values of C1,, and CPAH.
b Values for snGFR calculated per kidney for control, mild, moderate, and severe groups are 16.2 1.2, 19.1 1.8, 13.3 1.3, 8.4 l.3c,
respectively.
a The value is significantly different from control rats at P < 0.05.
Table 2. Aspects of protein excretion in LEW rats with chronic serum sicknessa
UprotV U,,,bV
Overnight Micropuncture Urine protein composition
Mean
proximal
TFaIh
ing/di
Overnight Micropuncture
Group mg/24 hr x 100 g BW mg/24 hr x 100 g BW % LMW % Albumin % HMW
Control 1.01 0.11 4.40 0.52 0.35 0.07 1.77 0.19 33 3 32 3 35 2 3.4 0.3
(16) (16) (16) (16) (16) (16) (16) (45)
CSS
Mild 1.90 0.20 4.43 0.84 0.40 0.10 1.40 0.30 42 4 20 2b 38 3 6.1 1.2b
(9) (7) (9) (7) (9) (9) (9) (13)
Moderate 157 20b 150 41h 84 13 96 25b 18 4" 54 4b 28 3 30 4"
(9) (7) (9) (7) (9) (9) (9) (38)
Severe 316 41" 146 18b 176 27' 81 11" 11 2" 51 3" 38 5 279 65"
(6) (6) (6) (6) (6) (6) (6) (18)
Abbreviations: LMW, molecular weight < albumin; HMW, molecular weight > albumin.
a Data are expressed as means SE. Numbers of animals or tubule fluid samples (TFaIb) used to determine each mean value are indicated in
parentheses. Urine protein composition was analyzed in samples collected overnight.
The value is significantly different from control rats at P < 0.05.
10% buffered formalin and embedded in paraffin. Sections 4-
thick were stained with hematoxylin-eosin and periodic acid-
Schiff reagent for examination by light microscopy, Two of us
evaluated slides independently without knowing the history of
treatment of individual animals. Increased cellularity in glomer-
uli was scored on an arbitrary scale of 0 to 3. Kidneys exhibiting
no abnormal increase in cell number in glomeruli were given a
score of 0; kidneys with a minimum increase in cellularity were
assigned a score of 1; moderate cellularity was graded 2; severe
hypercellularity was assigned a score of 3. Other features of
histology evaluated by means of a similar (0 to 3) grading
scheme included frequency of polymorphonuclear leukocytes
(PMN) within glomeruli (0, less than 1 PMN/glomerulus; 1, 1 to
2 PMN/glomerulus; 2, 3 to 4 PMN/glomerulus; 3, more than 4
PMN/glomerulus) and interstitial infiltration.
Results
Studies of kidney function permitted the division of rats
immunized to produce CSS into three groups (mild, moderate,
severe) (Tables 1 and 2). Rats in the first group (mild CSS) had
low urinary protein excretion (< 3 mg124 hr x 100 g body
weight, as determined in urine samples collected overnight) and
normal GFR. Rats assigned to the second category (moderate
CSS) were those with a marked elevation in protein excretion
for which total kidney GFR remained normal. Rats in the third
group (severe CSS) exhibited abnormal urinary protein excre-
tion and ascites formation associated with a significant decrease
in total kidney GFR. The transition from mild to moderate CSS
was marked by a rapid increase in protein excretion (Fig. 1).
The subsequent development of severe CSS in the same ani-
mals was marked by a precipitous drop in plasma protein
concentration and sodium excretion. The latter was coincident
with a decrease in urine sodium concentration (week 10- 43.8
10.8 SE mEq/liter; week 11 -4.8 1.2 SE mEq/liter). The three
groups, identified by assessment of kidney function, were found
to correspond to distinct categories of kidney immunopathology
(Table 3). Data of immunopathology and pathophysiology ob-
tained from rats in all control groups were pooled, because
significant differences among the control groups were not
detected for any parameter measured.
Mild CSS
Total kidney GFR (C1,,, Cr) and effective renal plasma flow
(CPAH) in rats with mild CSS were similar to control values
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(Table 1). There was good agreement between the two measure-
ments of total GFR, one determined from samples obtained
from anesthetized animals (C1) and the other from an overnight
urine collection (Ce,.). Single nephron GFR was also compara-
ble to that seen in animals in control groups.
Total protein excretion, calculated from overnight urine
collection, was within normal limits although a slight increase
compared to controls was noted (Table 2). This increase
coincided with an increase in concentration of HMW (MW >
albumin) proteins in plasma (Tables 4 and 5, Fig. 2) and a
parallel increase (2 x) in excretion of HMW and LMW (MW <
albumin) proteins. Therefore, a decrease in the fractional
contribution of albumin to total urinary protein (Table 2) was
observed. Absolute albumin excretion was not different from
the control value (Table 2). However, the small but significant
elevation in mean proximal tubule fluid albumin concentration
A (Table 2) in the presence of a decrease in plasma albumin
concentrations (Table 4) suggests an increase in albumin filter-
Severe
ability followed by appropriate reabsorption.
In animals with mild CSS, the excretion of total protein and
albumin measured during micropuncture experiments was high-
er than that measured in urine samples collected overnight. A
similar difference was also observed in animals in control
groups. There was no evidence of compromised reabsorption
capacity to account for this in the latter group. When capsule
fluid albumin concentration was estimated from the regression
line for (TFIP)1 versus TFalb, a value of 3.35 mgldl was found.
This value, similar to the mean TFalb (Table 2), was used to
calculate the filtered load of albumin. From that, the fractional
excretion of albumin was determined to be 8.7%. The accompa-
nying reabsorption rate was 16.8 ig/min x g kidney weight.
Plasma constituents in mild CSS (Table 4) were within normal
limits except for the decrease in albumin concentration noted
above and a decrease in cholesterol concentration. There was
no evidence of ascites.
Immunopathology studies of kidneys from rats with mild CSS
showed those animals to be in the early stage of kidney disease
that has been described in detail in a previous report [2].
Immune deposits were limited to the glomerular mesangium;
abnormalities of kidney histology were absent or minimal; and
titers of precipitating antibodies to BSA were elevated (Table 3,
Fig. 3).
Moderate CSS
Total kidney function (C1, Car, CPAH, filtration fraction) was
not significantly different from animals in control groups and
the group with mild CSS (Table 1), although single nephron
GFR was significantly depressed in the group with moderate
CSS. No marked heterogeneity of function in surface nephrons
was measured in the stage of moderate CSS or in any stage (Fig.
4). Median values of snGFR for each group (Control, 13.1; mild,
14.7; moderate, 9.6; severe, 4.4) were similar to the mean
values.
Protein excretion and plasma composition in rats with moder-
ate CSS were characteristic of nephrotic syndrome (Tables 2
and 4). Ascites was not evident, although total plasma protein
albumin concentrations and colloid osmotic pressure were
markedly reduced.
Mean tubule fluid albumin (TFaIb) concentration was greatly
elevated in moderate CSS. A frequency distribution of TFa11, in
all groups (Fig. 5) illustrates the wide range of albumin concen-
tration measured in tubules in this stage.
In the kidneys of rats with CSS of moderate severity,
deposits of immunoglobulin, BSA and complement were pres-
ent along the glomerular capillary wall as well as in the
mesangium. Proliferation of cells, accumulation of polymorpho-
nuclear leukocytes within glomeruli and thickening of the
glomerular capillary wall were evident in all tissue samples
(Table 3, Fig. 6).
Severe CSS
Significant impairment of kidney function distinguished rats
with severe CSS from those in the stage of moderate disease
(Table 1). GFR was decreased to a greater extent than effective
renal plasma flow (CPAH) and, as a result, filtration fraction
declined. The increase in plasma creatinine was consistent with
the decrease observed in GFR. Fractional fluid reabsorption
250
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Fig. 1. Protein excretion (A), plasma protein concentration (B), and
sodium excretion (C) during the progression of CSS.
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Table 3. Characteristics of immunopathology in different stages of chronic serum sicknessa
Histopathology scores
Cellular
infiltration Titer of
Glomerular PMN/ of the Major site of immune antibodies to
Group N hypercellularity Glomerulus interstitium complex depositsb BSA
Controld 5 0 0.1 0.1 0 — —
CSS
Mild 9 0.50 0.2 0.6 0.2 0 Mesangium 2.1 0.2
Moderate 9 1.0 0.2 1.1 0.1 0.4 0.2 Glomerular capillary wall 0.6 0.9
Severe 7 2.0 0.3 1.3 0.2 1.5 0.3 Glomerular capillary wall Undetectable
a Data are expressed as mean se (see Methods for scoring criteria).
b The sites were determined in direct immunofluorescence tests.
Titers are expressed as log2 (see Methods).
d Control animals received three injections of BSA in IFA followed by a daily injection of 0.4 ml isotonic saline.
Table 4. Plasma composition of LEW rats with chronic serum sicknessa
Urea Creatinine Cholesterol Total protein Albumin Albumin! COP Hematocrit
Group mgldl mgldl mgldl g/dl gidI HMW mm Hg %
Control 55 2 0.46 0.07 77 6 6.6 0.2 3.4 0.1 1.07 0.03 18.8 0.8 49 I
(15) (8) (15) (21) (21) (21) (21) (21)
CSS
Mild 49 6 0.54 0.03 45 9b 6.9 0.2 2.2 0.2h 0.48 0.05h 19.3 2.3 43 2
(9) (8) (8) (8) (9) (9) (9) (9)
Moderate 37 9 0.48 0.06 239 40" 4.8 0.6" 1.2 0.2" 0.42 0.05b 10.0 1.7" 44 2b
(6) (4) (7) (9) (9) (9) (9) (9)
Severe 27 8b 0.88 0.06" 244 36h 3.1 0.4" 0.4 0.1" 0.18 0.02" 6.2 1.0" 26 4b
(6) (3) (7) (7) (7) (7) (7) (7)
Abbreviation: HMW. molecular weight > albumin.
Data are expressed as means s. Numbers of animals used to determine each mean value are indicated in parentheses.
"The value is significantly different from control at P < 0.05.
Table 5. Data describing the electrophoresis scans of Figure Ia
Plasma
Urine Tubule fluid
Total
protein Albumin Albumin! Vol mg/24 hr LMW Albumin HMW Vol Albumin Vol
gidI g/dl HMW rI >< 100 g BW % % p.! mg/d! nI
Control 7.2 3.9 1.00 1 4.2 20.7 39.3 39.9 0.4 2.3 30
CSS
Mild 7.1 1.9 0.50 1 5.3 25.8 26.9 47.3 0.3 5.2 20
Moderate 4.7 1.1 0.43 1 123.2 8.5 69.2 22.2 0.3 43.2 30
Severe 1.6 0.3 0.20 1 78.8 9.4 51.9 38.7 1.0 243.0 4
Abbreviations: LMW, molecular weight < albumin; HMW, molecular weight > albumin; Vol, sample volume.
a Individual urine samples were obtained during micropuncture experiments.
[(U/P)1] was also decreased, Glucosuria was not noted and
plasma glucose concentration (measured in selected animals)
was normal. Ascites and anasarca were present in all animals.
This is consistent with the decrease in sodium excretion (> 8x)
(Fig. 1) at week 11 compared to the average excretion for all
previous weeks. Water content (%) of cortical kidney slices
taken from rats in this stage was elevated significantly (82.0
0.3 SE). The water content of kidney slices from earlier stages of
CSS was not different from normal (75.6 0.2).
Protein excretion measured from overnight urine collections
was increased above that measured in moderate CSS. The very
low GFR in anesthetized animals with severe CSS, however,
limited glomerular loss of protein (Tables 2 and 5). Therefore,
the excretion rates of protein and albumin measured in micro-
puncture experiments were similar to those seen in the moder-
ate stage. All tubule fluid albumin concentrations were above 70
mg/dl (Fig. 5); there was very little overlap of values with those
measured in animals with moderate CSS.
Kidneys from animals, judged by criteria of function to have
severe disease, were pale and enlarged. Immune deposits,
present primarily in the glomerular capillary wall, did not differ
significantly in intensity and extent from those found in moder-
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Control
Ji:II\L
Urine
(51 x)
Mild
Proximal tubule fluid
ate CSS. However, the histopathology observed was more
extensive than that seen in rats with moderate CSS and was
quite similar to the damage previously described to occur in a
late stage ofCSS in rats (Table 3, Fig. 7) [2, 3]. Hypercellularity
and segmental fibrinoid necrosis were observed in all glomeruli;
often focal infiltration of the interstitium with mononuclear cells
was seen. Precipitating antibodies to BSA were no longer
detectable in the circulation of rats with severe CSS, a phenom-
enon noted in earlier studies to be associated with the final stage
of kidney disease [2, 3].
Additional observations
Despite decreases in total plasma protein and albumin con-
centrations and colloid osmotic pressure (Table 4), there was no
evidence of depressed fractional fluid reabsorption in the proxi-
mal convoluted tubule at any time in the course of CSS.
Fractional fluid reabsorption, as measured by middle to late
proximal convoluted tubule (TFIP)1 ratios, was approximately
60% in all CSS animals and controls (control, 2.27 0.13; mild,
2.57 0.23; moderate, 2.44 0.17; severe, 2.58 0.35).
The capsule fluid albumin concentration and the sieving
coefficient could be estimated when albumin excretion was
elevated markedly in moderate and severe stages of CSS and
reabsorption could be considered to be negligible [19]. The
sieving coefficients [(U/P)alb/(U/P)InI were 189 x i0 (N = 7)
for moderate CSS and 2200 x i0 (N = 3) for severe CSS.
These correspond to capsule fluid albumin concentrations of
14.4 3.32 and 89.8 18.1 mg/dI, respectively. Substituting
(TFIP)1 for (U/P)1 in rats with moderate CSS, capsule fluid
albumin concentration was estimated at 17.8 6.1 mg/dl.
Densitometry scans of electrophoresis separations of plasma,
urine, and proximal tubule fluid from a representative individ-
ual in each stage of CSS are illustrated in Figure 2; quantitative
data describing the scans are presented in Table 5. An increase
in proteins with molecular weights higher than albumin was
found in the plasma of animals with mild CSS. A decrease in the
plasma concentration of most proteins was detected in severe
CSS. The decrease in plasma albumin concentration in severe
CSS was extreme and was consistent with an increase in
albumin concentration in urine that was first evident in the
moderate stage of CSS (Table 2). Albumin was the predominant
protein in tubule fluid in control groups in all stages of CSS.
High and low molecular weight protein bands were easily
distinguished in moderate and severe CSS; the electrophoresis
patterns of urine and tubule fluid were similar in both stages.
Discussion
It was the aim of this study to characterize changes in kidney
function that occurred during the course of CSS in rats and to
correlate those changes with features of kidney immunopathol-
ogy [2, 3]. Analysis of kidney function in CSS allowed us to
identify three categories of kidney disease that corresponded to
distinct stages, mild, moderate, and severe, in the development
of immunopathology in kidneys of rats with CSS. Compromise
of function appeared to develop in parallel with damage to the
kidney mediated by immune complexes. The most severe
deficit in kidney function, corresponding to clinically significant
impairment of function in human disease, was associated only
with the most extensive immunopathology found in the severe
stages of CSS. The stages of mild and moderate CSS nephritis
in rats were characterized by normal GFR, although in animals
with moderate CSS, maintenance of total kidney GFR was
associated with substantial immunopathological injury to gb-
meruli. Immunopathobogy of the kidney that develops in ani-
mals with CSS is thought to be similar to that found in patients
with systemic lupus erythematosus (SLE) [20]. In patients with
SLE, it has often been noted that considerable glomerular
damage may be present in the absence of significant compro-
mise of kidney function [21]. Therefore, with respect to this
phenomenon as well, the kidney disease in rats with CSS
appears to resemble that seen in SLE.
Despite maintenance of normal total kidney GFR, a moderate
decrease in mean snGFR was detected in rats with moderate
CSS. The possibility of higher mean snGFR in inner nephrons
in moderate CSS cannot be excluded as an explanation although
no differences in immunopathobogy between gbomerubi of the
inner and outer cortex were detected in any stage of CSS. The
frequency distribution of snGFR in superficial glomeruli did not
show a bimodal distribution of values in any stage of the disease
and was consistent with the observation that the immunopathol-
A
t f
Fig. 2. Electrophoresis analysis of plasma, urine, and proximal tubule
fluid from rats with CSS. Direction of migration is from left to right. The
arrows indicate the albumin band in the densitometer scan. Quantitative
data for all samples are in Table 5.
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ogy affected all glomeruli alike. During the course of CSS a
parallel reduction of total kidney GFR and snGFR was mea-
sured, similar to the correlation previously described in anti-
GBM nephritis [191. The degree of heterogeneity measured in
snGFR was similar to that reported in previous studies with
normal animals [221. A dramatic decrease in mean snGFR was
detected in severe CSS. Since the sampling of nephrons for
measurement of snGFR in the rats may have been biased in
favor of nephrons with the highest tubule flow rates in the
population, the mean may be even lower.
Animals with severe CSS exhibited a decrease in effective
renal plasma flow (CPAH). The fall in CPAH was accompanied by
a correspondingly greater drop in GFR and therefore resulted in
a decrease in filtration fraction. This occurred despite a de-
crease in systemic COP, a factor favoring filtration. A similar
decrease has been noted in experimental anti-GBM glomerulo-
nephritis [19, 231 and human glomerular disease [24—26].
Fractional volume reabsorption was preserved in severe CSS
despite the depression of GFR found in that stage of disease.
The mean value for (TF/P)1 measured at middle to late sites
along proximal convoluted tubules was not different from that
found in control groups. Similar evidence for maintenance of
glomerulo-tubular balance has been obtained in anti-GBM
nephritis [191 and a late stage of Heymann nephritis [23].
Normal fractional fluid reabsorption in proximal convoluted
tubules, measured by (TF/P)1 ratios was maintained in rats
with moderate and severe CSS despite a drop in systemic COP
and a consequent drop in COP in peritubular capillaries. This
phenomenon has been observed with chronic isotonic volume
expansion [27, 28], and in other forms of glomerulonephritis
[19, 23, 29]. Concomitant decreases in hydrostatic pressure in
peritubular capillaries that might compensate for decreased
COP to maintain normal fractional fluid reabsorption [301 have
not been measured in the present study or in others cited.
Ascites and anasarca were observed in all animals with
severe CSS but not in earlier stages. A significant increase (P <
Fig. 3. A kidney sect ion of a rat with mild CSS
nephritis. The glomerulus appears normal
(PAS x160)
0.05) in body weight in animals with ascites was noted when
compared to animals with mild and moderate disease (mild, 256
7 g; moderate, 256 11 g; severe, 300 15 g). In rats with
nephrotoxic serum nephritis, fluid retention developed immedi-
ately following injection of an anti-GBM antiserum and was
coincident with an abrupt drop in GFR, urinary sodium concen-
tration, and sodium excretion [191. Animals in the severe stage
of CSS shared these three characteristics.
Protein and albumin excretion were within normal limits in
mild CSS. In a study of albumin excretion in unanesthetized
female LEW rats [31] a maximum value of approximately 2
mg/24 hr x 100 g BW was measured. Albumin excretion rates in
rats in control groups and rats with mild CSS were comparable
(<2 mg/24 hr x 100 g BW). Increased excretion of albumin in
anesthetized rats when compared to that calculated from over-
night urine collections has been noted previously in normal
animals [5]. The fractional albumin reabsorption of 91% in
controls was similar to values for normal rats reported previ-
ously by us and other investigators [8, 19, 32, 33].
A moderate increase in mean tubule fluid albumin concentra-
tion observed in animals with mild CSS probably represented
an increase in albumin filtration that did not compromise
normal reabsorption capacity in the proximal convoluted tubule
and more distal nephron sites [8, 33]. A number of studies have
suggested that maximum reabsorption capacity (Tm) for endog-
enous albumin in the rat may be reached at tubule fluid albumin
concentrations that are close to normal values [29, 31, 32, 33]. A
recent study of the isolated perfused rabbit proximal tubule
using exogenous albumin indicated that albumin reabsorption
was a high capacity (Tm reached at> 200 mgldl) and low affinity
process [341. The latter characteristic, however, dictated that
excessive albumin excretion would occur before the Tm was
reached.
Moderate and severe stages of CSS were characterized by
very high excretions of total protein and albumin. Albumin
contributed over 50% of the excreted protein. Mean albumin
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Fig. 5. Frequency distribution of albumin concentration in proximal
convoluted tubule in rats with CSS.
albumin also contributed significantly to tubule fluid protein in
both the moderate and severe stages (Fig. 2) of CSS. Protein-
uria in the severe stage of CSS was especially remarkable when
considered in the light of the decreased GFR and plasma protein
concentration, as both factors would limit delivery of protein to
capsule fluid. A comparison of the electrophoresis scans of
plasma and tubule fluid showed that only very high molecular
weight plasma proteins (> 500,000) failed to gain access to
tubule fluid.
Rather surprisingly, the transitions from mild to moderate
and moderate to severe CSS were not gradual but occurred as
discrete, sudden events. The onset of abnormal protein excre-
tion has been described previously to be abrupt in rats with CSS
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Fig. 4. Frequency distribution of single nephron filtration rate in rats
with CSS.
concentration in proximal convoluted tubules of animals with
moderate CSS was comparable to that seen in anti-GBM
nephritis [19]. However, animals with severe CSS had albumin
concentrations in urine indicative of an even greater leak of
macromolecules through the glomerular filter. The sieving
coefficient for albumin in the severe stage was an order of
magnitude greater than that calculated in anti-GBM nephritis
[19] or late Heymann nephritis [35], and was indicative of
severe disruption of the normal barrier function of the glomeru-
tar capillary wall. Proteins with higher molecular weight than
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10 20 30 40
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[2, 31. The drop in sodium excretion that marks the transition
from moderate to severe nephritis is also a precipitous event.
The homogeneity of total protein excretion observed within
each group is consistent with the observation that there is little
overlap of the three stages and attests to the brevity of the
transition periods. This phenomenon, of abrupt rather than
gradual changes in kidney function during CSS, may be relevant
for our understanding of kidney disease progression in patients
with SLE.
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